Abstract-Laser Induced Phased Arrays (LIPAs) use post processing to focus and steer the laser generated and detected ultrasonic beam, synthesizing a phased array. The technique is broadband, non-contact, and couplant free, making LIPAs suitable for large stand-off distances, inspection of components of complex geometries and hazardous environments. This paper presents LIPAs synthesized by capturing the Full Matrix (FMC), at the nondestructive, thermoelastic regime. The Total Focusing Method (TFM) is used as the imaging algorithm, where the captured signals are summed with the appropriate time delay, in order to synthesize a focus at every point in the imaging area. The FMC and the TFM, are adapted to the needs of LIPAs in order to enable fast imaging and make more efficient use of the information in the data. Experimental results are presented from nondestructive, laser ultrasonic inspection of an aluminum sample with side drilled holes at depths varying between 10 and 20 mm from the surface.
I. INTRODUCTION
Laser Induced Phased Arrays (LIPAs) use laser based ultrasound principles in order to generate and detect and post processing in order to focus and steer the generated ultrasonic beam, synthesizing a phased array [1] . A short pulsed laser of nanoseconds duration is focused on the surface of the component under test and a broadband signal is generated, which is detected by a broadband interferometer. The energy density of the generation laser is kept below the damage threshold of the material, operating at the safe thermoelastic regime and the technique is non destructive. Bulk and surface waves are excited and detected simultaneously and the technique is remote, lending itself to applications in extreme environments [2] . Due to the very small footprint of the laser beams -less than a millimeter-and the fact that the lasers can be fiber coupled, the technique could address complex geometries [3] and places of restricted access [4] .
In the results presented, the data acquisition method known as the Full Matrix Capture (FMC) is used, where all possible transmitter-receiver combinations in the array are obtained by scanning the generation and detection laser beams. Following the FMC, the Total Focusing Method (TFM) is used as the imaging algorithm for the data. In the TFM, the captured signals are summed using the appropriate time delay, in order to synthesize a focus at every point in the imaging area.
The FMC and TFM are methods developed for transducer based phased arrays but LIPAs have significant differences from them (broadband, multi-mode generation/detection, directivity pattern). The aim of the present paper is to adapt the FMC and the TFM to the needs of LIPAs in order to make more efficient use of the information in the data.
II. THEORY
The laser beam of the pulsed laser used for ultrasonic generation in our experiments, was focused onto a line. It generated a thermoelastic source at the surface of the irradiated component, due to the absorbed laser energy. The directivity patterns for the generated longitudinal and shear waves are given by [5] , [6] and using their expressions for directivity of longitudinal and shear waves, for the case of aluminum (longitudinal velocity ∼6400 ms −1 , shear velocity ∼3200 ms −1 ), it is found that the directivity pattern of the longitudinal waves has its maxima at θ = ±66 o and for shear waves the maxima are at θ = ±30 o . A laser vibrometer, sensitive to the out-of-plane ultrasonic component, was used for signal detection. Its sensitivity to longitudinal and shear waves as a function of incident wave function is given by [7] . For the case of aluminum, the sensitivity pattern for the longitudinal waves displays a uniform response with respect to angle, while the sensitivity for the shear waves has maxima at θ = ±36 o .
III. THE FULL MATRIX CAPTURE AND THE TOTAL FOCUSING METHOD
The generation directivity and sensitivity patterns for laser generation and detection of ultrasound, differ and it is expected that this will affect the imaging performance of the LIPA. In order to predict the FMC data set, a model is used which allows the individual signals h gd (t) to be predicted, where the indices g and d refer to ultrasonic generation and detection positions respectively, and assess the experimental results. It is a forward, ray based model, that simulates the response of the system to one or more small targets and only first order scattering is considered in the case of multiple targets. There are four responses from each target, corresponding to all possible combinations for generation and detection with respect of the mode of the wave: two bulk wave modes (longitudinal-longitudinal and shear-shear) and two converted wave modes (longitudinal-shear and shear-longitudinal). These are treated separately and superposed. In the frequency, ω, domain, the response to the j th target for generated mode, α =L or T (L for longitudinal and T for shear), and detected mode, β =L or T, can be written as [1] :
where G α and D β describe the directivity and sensitivity patterns, θ gj and θ dj are the angles (relative to the surface normal) of the rays between the generation and detection positions and the target, d gj and d dj are the corresponding path lengths (see Fig. 1 ), and A αβ j (θ gj , θ dj , ω) is the angulardependent response or scattering matrix [8] of the target. The imaging algorithm used in this study was the TFM, where the signals from all elements of the LIPA are summed in order to synthesize a focus at every point in the imaging area. Here, the angular dependence of the generation and detection patterns is taken into account by introducing apodization at the imaging algorithm: the contribution of each waveform is weighted by the transmit and receive directivity functions at each image point. If noise in the original waveforms is uniform then this apodization maximizes the signal to noise ratio (SNR) at each point in image. As a result, the intensity of the image, I(r), is given by [9] , [10] :
where the double summation is over all combinations of ultrasonic generation (g) and detection (d) positions. The signal s gd (t) is the digitally filtered time-traces of the raw signals collected during the experiment and the time delay term (t gd ) is given by:
where d g (r) and d d (r) are the distances associated with the generation and detection ray-paths to point r. Z g and Z d are apodization coefficients:
The response model can be combined with the revised TFM description to produce, what is defined as, a sensitivity image, which describes the amplitude expected from a perfect point target (A αβ j (θ gj , θ dj , ω) = 1) as a function of position. For example, in the case of the shear -shear mode combination, the sensitivity image is given by:
Finally, the normalized image is introduced, which defined as the ratio of the TFM image over the sensitivity image:
The normalized image has uniform sensitivity but non-uniform noise, as the noise in areas of weak signak is amplified. 978-1-5386-3383-0/17/$31.00 ©2017 IEEE
IV. EXPERIMENTAL RESULTS

A. Experimental setup
The experimental setup is shown in Fig. 2 . A Nd:YAG laser (Picolo MOPA by Innolas), emitting at 1064 nm wavelength with a pulse duration of 1 ns and a pulse repetition rate of 5 KHz, was used as the ultrasonic generation laser. Its average power was 530 mW, as measured in front of the sample, corresponding to 100 μJ per pulse. The laser beam was focused onto a line with approx. 5 mm length and 0.2 mm width. The incidence angle was approx. 25 o to facilitate scanning. A Polytech vibrometer (OFV-534 head with OFV-5000 controller) was used to detect the ultrasonic signal. The light of the 633 nm CW HeNe laser that it emits had a power of <1mW, was focused to a 0.04mm diameter spot and was aligned with the middle of the generation line source with an angle of incidence 0 o with respect to the normal. In order to synthesize the LIPA, the generation laser was scanned across all consecutive element positions, while the detection laser remained focused at one position. Then the sample was moved to another element position, consequently the detection laser now irradiated another element position and the generation laser was scanned again across all element positions (see Fig. 2 ). An aluminum sample was used in the study. Its dimensions were 60 × 25 × 60mm 3 . The sample had 9 defects (side through holes of diam. 1 mm) arranged in a radial distribution, of radius 20mm from the surface (see Fig. 3 ), in angles of
o from the surface normal. The side of the sample, where the laser beams were incident, was polished to a mirror surface, in order to maximize the light reflected to the vibrometer.
A 161 element LIPA, with element spacing of 155 μm was synthesized, with the array center coinciding with the center of the defects' radial distribution. The bandwidth of the vibrometer was DC to 24MHz and a 1 MHz, high pass, and a 21 MHz low pass, analogue filters were used while capturing the signal. Each captured waveform was averaged 500 times.
B. Results
During the post processing, digital filtering of the signal was performed, in order to maximize the SNR, using a Gaussian filter with 100% bandwidth, at -40 dB. The band pass digital filters applied had various central frequency values as specified in each case. Fig. 4, 5, 6 show the effect of apodization at the TFM image. It can be seen that the apodized images show better SNR either normalized or not. The normalization enhances the imaging in blind spots, i.e. areas of low sensitivity, in the image. This set of figures is a multi mode analysis using TFM images [11] . It can be seen that different modes are more sensitive to detecting defects at different angles. Information from all modes can be combined to detect defects from 0 0 to 60 0 .
V. CONCLUSIONS
This paper has presented improvements on the imaging algorithm used for post processing of LIPAs. The directivity and sensitivity patterns of laser ultrasonics have been considered in the expression for the TFM, introducing apodization. In this way, there is a more efficient use of the data of the full matrix. The experimental results show that the apodization maximizes the signal to noise ration (SNR) at each point in the image, facilitating defect detection. Laser ultrasonic generation excites simultaneously bulk and surface acoustic waves. Longitudinal, shear and mode converted bulk waves were used for ultrasonic images of the aluminum sample, applying a multi-mode TFM. The results show that using more than one modes and using appropriate digital frequency filtering for the imaging algorithm, detection of defects can be achieved in a wide range of angles (0 o − 60 o ). 978-1-5386-3383-0/17/$31.00 ©2017 IEEE
